Introduction
Warm salty water is advected into the northern North Atlantic by poleward flowing currents. At high latitudes the net buoyancy flux is negative. As a result an increase in density takes place until the stratification becomes unstable and convection occurs, the surface water sinking to the deep ocean as North Atlantic Deep Water (NADW). The formation rate of NADW has been estimated with a variety of methods [Broecker, 1979; McCartney and Talley, 1984; Rintoul, 1991; Dickson and Brown, 1994 ] to lie between 12 and 20 Sverdrups (1 Sv = 10 6 m 3 s-•).
The study of the formation of a water mass involves the question of where the water originates. This question is related to the large-scale circulation that ventilates and replaces the waters of the deep ocean by surface waters. The large-scale circulation is determined by a number of processes which are still poorly understood, particularly vertical motion and the associated mixing. Direct measurement of these processes on the relevant spatial and temporal scales is not (yet) feasible. As a result it has not been possible to establish the sources of the water replacing NADW in a conclusive way. Up to now, answers have been sought by combining various observations from hydrographic data, current observations, and tracer measurements [e.g., Gordon, 1986; Broecker, 1991; Rintoul, 1991; Schmitz and McCartney, 1993; Schmitz, 1995] . In addition, modeling studies have been carried out to examine the processes of the water mass formation involved [e.g., Bryan and Copyright 1996 by the American Geophysical Union.
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0148-0227/96/96JC-02162509.00 Lewis, 1979; Cox, 1989; England, 1993; DOOs, 1995] . However, it is still under debate whether this water upwells globally or more locally in the Southern Ocean as part of a pole-to-pole circulation in the Atlantic. It is also not clear whether the dominant transport into the Southern Atlantic is through Drake Passage or from the Indian Ocean. Observational studies can only give partial insight into the thermohaline circulation associated with NADW formation, because the data sets are restricted. General circulation models of the World Ocean yield a more complete data set, but they may suffer from a lack of realism. One approach is to examine the conveyor belt in a coarse resolution model. The advantage of coarse resolution models is that they can be spun up to a steady state. Such models aim at a first-order simulation of the integral properties of the large-scale flow field. At present they do a fairly good job in describing both the overall thermohaline circulation and the gross distribution of the principal water masses [e.g., England, 1993; Maier-Reimer et al., 1993]. One disadvantage in these models is that (parts of) the large-scale circulation may be critically influenced by smallscale motions which are not resolved. These models do not represent details of ocean currents such as the structure of boundary currents, currents in passages, the equatorial currents, upwelling regimes, or eddies. All these details might play a critical role in determining the pathway of the conveyor belt. A second approach is to study the conveyor belt in global scale eddy-resolving ocean models [e.g., FRAM Group, 1991; Semtner and Chervin, 1992] . These models have the advantage of resolving the flow in much more detail. They are very useful for evaluating physical processes and the dynamical balance of the flow field. However, integrations can only be carried out for a restricted time. One has to rely on a robust diagnostic technique [Toggweiler et al., 1989 ] to accelerate the convergence in the deep ocean, and it is well known that this method severely degrades the resulting circulation. Eddy-resolving models can also be run in a prognostic mode. In that case the limited integration time does not permit the deep water mass properties to reach equilibrium with the surface forcing. As a result the transport of fresh water and heat is in neither case compatible with the observed atmospheric forcing. At present, observational studies and analyses using eddy-resolving and steady state coarse resolution models are complementary in contributing to our knowledge of the thermohaline circulation.
In After a short review of the OGCM in section 2 an outline of the particle tracking method is given in section 3. A general description of the conveyor belt in the model is presented in section 4 and compared with existing observations. In section 5 we present the budgets of salinity and potential temperature for the conveyor belt along its path in the Atlantic. In section 6 the results of section 5 are interpreted, and the role of diabatic forcing and associated water mass transformation is discussed within the context of existing theories on the global conveyor belt. In section 7 the main results are summarized and we present our conclusions.
The Ocean Circulation Model
The Hamburg LSG ocean circulation model has evolved from a concept originally proposed by Hasselmann [1982] . This model is designed for climate studies. The concept is based on the observation that for the large-scale ocean circulation, the characteristic spatial scales are large compared with the internal Rossby radius. In addition, the characteristic timescales are large compared with the periods of gravity modes and barotropic Rossby waves. Since it is generally believed that these waves are not important for climate research studies, they have Apart from linear interpolation, more sophisticated interpolation methods can be employed. The sensitivity to the interpolation method depends on the specific path of a trajectory, e.g., whether the trajectory transects a region where streamlines strongly diverge. However, we must emphasize that we are not interested in how well an individual trajectory is calculated but rather in how representative the statistics for an ensemble of trajectories will be. In general, the statistics for an ensemble of trajectories are much less sensitive to the interpolation method, and linear interpolation gives reliable results when the integration method used is sufficiently accurate [BOning and Cox, 1988] .
When calculating the water movement from the threedimensional velocity field, the water parcel is considered to be advected by the larger-scale motions only, its characteristics constantly being modified by diffusive mixing. In the OGCM When applied to water parcels, the convection algorithm used in the OGCM consists of a random process. As the resolution in the vertical is variable, convective mixing consists of the exchange of water between grid boxes with different volumes. For a parcel residing in the larger (lower) grid box and subject to convective mixing with the smaller grid box above, the chance of being displaced one grid box upward is equal to the volume ratio of the two grid boxes. A second element of chance results from the E grid configuration with overlapping grids. Since a parcel resides in two different grid boxes at the same time, it is possible that only one of the two boxes is subject to convective mixing. In that case the chance that the parcel will be subject to the random process of convective mixing is determined by its relative position to the centers of the two grid boxes involved. The random process is effectuated by letting the computer draw a number between zero and one. If the number is smaller than the calculated chance, a convective displacement is added. If the number is larger, the parcel remains where it is. In our model the particle tracking method consists of backtracking trajectories from parcels that undergo deep convection in the northern North Atlantic. This backtracking implies a reversal of the three-dimensional velocity field and the convection algorithm. The velocity field is interpolated with a much smaller time step than the OGCM time step of 1 month. Convection is applied once per month rather than being interpolated in time. The reversal of the convection algorithm means that once per month it is checked whether convective mixing has occurred with the grid box above. If so, the random process described above determines whether the parcel will be displaced to the grid box above. If the computer draws a number which is larger than the chance for displacement, the procedure stops. If the computer •traws a smaller number, the procedure is repeated with the next pair of grid boxes. Ultimately, within one convection event the parcel may end in the uppermost grid box of the convectively unstable column. If the parcel is not displaced upward at all, it is checked whether convective mixing has occurred with the grid box below. In that case the parcel is moved one grid box downward. After a convective displacement the relative position in the vertical within the new grid box is chosen at random by letting the computer again draw a number between zero and one. The parcel keeps its position in the horizontal plane. This is motivated by the observation that convection in the ocean takes place on a much smaller scale than the grid size of the model (5ox 5o).
In the computation of trajectories we resolve the seasonal cycle with respect to velocity fields and the occurrence of convection. This makes an analytical integration method for calculating trajectories impracticable. Such a (far more efficient) method is only feasible if one uses a constant (averaged) velocity field and neglects convective displacements [D66s, 1995] . In the present model the time integration has been carried out with a finite difference method: a fourth-order Runge-Kutta scheme.
We have tested the integration method by calculating trajectories for an idealized two-dimensional velocity field with closed (circular) trajectories. The velocity was chosen to have a typical value of 0.1 m s-•; the spatial scale was 1000 km. The time step for the velocity interpolation in the trajectory model was reduced from 1 month to successively smaller values until no difference could be discerned between the trajectory after 100 loops and after one loop. For this velocity field it turned out that an interpolation time step of a half day is sufficient for the integration of the trajectories.
Since a no-slip condition has been imposed on the lateral wall, parcels slow down as they approach the boundary. This can result in parcels that stop just on the boundary. In addition, the Runge-Kutta method can "overshoot" the parcel displacement in the normal direction when the curvature is large, resulting in parcels ending on land. The problem can be solved by defining a small boundary layer near coasts where the velocity component normal to it is set at zero in the case of converging streamlines [Fujio et al., 1992] . In the present model the boundary layer has been chosen to be as small as possible without trajectories ending at land-sea boundaries. A boundary layer with a width of 2% of the grid box size O(10 km) is sufficient to prevent this.
The Conveyor Belt Introduction
The conveyor belt is a schematic concept for the thermoha- [Drijfhout, 1990] . This is confirmed by observations on Agulhas eddies [Gordon, 1985] . However, the water mass transport by the eddies might be offset by the transport of an eddy-induced mean circulation -_-,-,,,-,-,-,-,,-,,-,-,-,-,-,- North of 23øN the conveyor belt is cooled. The boundary of zero freshwater gain lies further north (Figures 8a and 8b) . North of 30øN the conveyor belt also becomes fresher, but this is mainly accomplished by mixing. Up to 47øN, net evaporation partly counteracts mixing. The temperature decrease of the conveyor belt between 24øN and 58øN is 6.7øC. This is almost as large as the increase between Drake Passage and 24øN, 7.8øC. The salinity decrease between 24øN and 58øN, however, is much less, 0.4 ppt, compared to an increase of 1.15 ppt between Drake Passage and 24øN. The diabatic forcing increases the density of the conveyor belt along its path in the Atlantic.
•-•--------------------------------------------------------------------------------_-_-_-_-_-_-_-
The contribution of convection in changing water mass characteristics of the conveyor belt is rather small (Figures 9 and  10) . However, convection plays indirectly a much larger role in the temperature and salinity budgets. Due to convection, a larger fraction of the conveyor belt flows in the surface layer and is subject to air/sea interaction. We have repeated the trajectory calculation with the convection shut off. In that case the fraction of the conveyor belt which flows in the surface In the model the conveyor belt follows the scheme proposed by Rintoul [1991] , the cold water path. The differences between the model's conveyor belt and the scheme proposed by Gordon [1986] , which involves the warm water path, can be attributed mainly to two features. First, in the model the heat flux at 30øS in the Atlantic is much less than the value used by Gordon. As discussed previously by Rintoul [1991] If in reality the warm water path is important, the model has to compensate for the anomalously cold and fresh conveyor belt water from Drake Passage by an anomalously large diabatic forcing to increase the temperature and salinity of the conveyor belt water in the Atlantic. Prior to the occurrence of deep convection in the North Atlantic, a large increase in the temperature and salinity of the conveyor belt occurs in two regions in the model, in the South Atlantic midlatitudes between 25øS and 40øS and in the subtropical North Atlantic between 10øN and 25øN. In the following we will try to estimate how diabatic forcing of conveyor belt water is achieved in these two regions and whether or not the magnitude of the forcing is overestimated.
In the subtropical North Atlantic, diabatic forcing is mainly associated with diffusive mixing. Diffusion may be overestimated by the upstream scheme. However, due to the upstream scheme, gradients are underestimated. An enhanced role of diffusive mixing must be associated with too many trajectories crossing the front between cold and fresh intermediate water and warm and salty subtropical thermocline water.
The partition into different water masses of the conveyor belt in the Florida Straits has been estimated by Schmitz and Richardson [1991] . They argue that at 24øN about 55% of the conveyor belt resides in the upper 100 m and about 40% consists of water colder than 12øC. In the temperature range between 12øC and 24øC, nearly all the water should be of North In the South Atlantic midlatitudes the strong water mass transformation is associated with thermocline water entrained by the deepening of the winter mixed layer. The entrainment is too large in the model because of too much convection between the two uppermost layers. As a result the water mass transformation of conveyor belt water is too large. This supports the hypothesis that in reality part of the conveyor belt follows the warm water path. A large increase in temperature and salinity also occurs in the subtropical North Atlantic between 10øN and 25øN. Diffusive mixing, and to a lesser extent air/sea interaction, increase the temperature and salinity. The strong mixing is associated with flow from the AAIW low-salinity tongue into the warmer and saltier subtropical thermocline. The mixing is achieved while the water recirculates in the subtropical gyre, where part of it is ventilated into the deepening winter mixed layer. Here the amount of deepening of the winter mixed layer in the model is consistent with observations. The timescale on which diabatic effects can be neglected is only a few years for the uppcr branch of the conveyor belt, as compared to a timescale for the circulation of O(100 years). It should be noted, however, that the latter result could be model dependent, in that it is determincd by the parameterization of convection, the model time step (1 month), and the diffusive characteristics of the model (upstream advection). The extent to which the modeled conveyor belt is sensitive to model parameters cannot be determined until a comparison with other model runs has been made.
The water mass characteristics of the conveyor belt are mainly determined by local diabatic processes along its path in the Atlantic. This indicates that air/sea interaction is important for the conveyor belt in a much larger region than the area of NADW formation, which underlines the importance of the conveyor belt for global climate. North of 30øN, the conveyor belt cools and freshens, caused both by air/sea interaction and diffusive mixing. The water mass characteristics, however, remain saline and warm relative to the surrounding waters. When atmospheric cooling increases further north, the conveyor belt is preconditioned for deep convection.
In conclusion we may state that our analysis of the conveyor belt in a coarse resolution model has shed light on the transformation of conveyor belt water along its path in the Atlantic. The model results suggest that a conveyor belt following the cold water path is not inconsistent with both the observed atmospheric forcing and a realistic simulation of the principal water masses. However, in the model, there is too much transformation of Antarctic Intermediate Water into surface water within the conveyor belt, which might be related to the absence of Agulhas leakage. Although eddy-resolving ocean models have not been spun up to a steady state, the performance of a similar analysis in a global eddy-resolving model and comparison with the results obtained here would shed more light on the role of Agulhas leakage in the global conveyor belt.
